The integration of Cu interconnections will require sophisticated structures to prevent Cu from coming into contact with devices. The barriers for Cu also must have good adhesion with dielectric and Cu, and yield desirable microstructure of Cu. This paper discusses several critical barrier requirements and compares the properties of Ta and Ti/TiN barrier systems.
INTRODUCTION
Interconnects has been, is, and will continue to be a key factor that limits the performance and costs of integrated circuits. As technology is scaled below a quarter micron, the problems associated with interconnect are ever more pressing and could potentially become the roadblock to progress. Fundamental changes in the interconnect materials are needed. A low resistivity material, namely Cu, is expected to be introduced into manufacturing in the near future. However, Cu cannot be implemented in the same manner as Al alloys. If Cu atoms diffuse into Si devices, they degrade the device performance by introducing deep level acceptors [1] . Typical dielectric materials are not effective barriers for Cu. Cu also has poor adhesion to typical dielectric materials. Cu metallization, therefore, requires a base layer which acts as an adhesion promoter and a diffusion barrier. The surface condition and microstructure of the barrier can strongly affect the texture and grain size of the overlying Cu film, which are critical factors that determines the electromigration reliability of Cu interconnects [2] . Therefore, the role of the barrier in seeding the desired Cu microstructure is also an important aspect which must be considered.
In this paper, Ta and Ti/TiN systems are used as references to illustrate the barrier requirements for Cu. Ti/TiN is the most widely used barrier system for Al alloys while Ta is a promising barrier material for Cu.
EXPERIMENT
Ta or Ti/TiN layers were deposited on thermally grown silicon dioxide (SiO 2 ) by dc sputtering. Cu films were subsequently deposited by dc sputtering at room temperature. Most Cu films were deposited without a vacuum break following barrier deposition while some samples were intentionally exposed to air before Cu deposition in order to examine the effect of in-situ deposition on the texture of Cu. A different structure was also fabricated to study the thermal stability of the Ta/Cu interface: a 20-ply alternating multilayer of 13-nm Ta and 18-nm Cu on Si/SiO 2 .
The interfaces between Ta/Cu and TiN/Cu were observed using cross-sectional TEM and HRTEM (High-Resolution TEM) images. During the TEM sample preparation, the samples were kept below 120 °C to prevent Cu from oxidizing. The crystallographic orientations of Cu and Ta at the interface were investigated by electron diffraction. X-ray diffraction was used to obtain the global texture of the deposited films.
RESULTS
To prevent the drift or diffusion of Cu atoms, the barrier layer should not react with Cu. The thermal stability of various barrier layers with Cu is summarized in Table 1 . These barrier layers include TiW, TiN, Ta, TaN, Ta-Si-N and WN x . Most barrier materials are stable with Cu up to 550°C and provide adequate thermal stability for current backend processes. While typical barriers are thermally stable with Cu, other essential aspects need to be considered. An important requirement is the adhesion with Cu. There is a trade-off between the barrier property and the adhesion performance with Cu. If the barrier does not react with Cu at all, it may exhibit excellent barrier property but poor adhesion. On the other hand, if the barrier reacts too easily with Cu, it may not serve as a barrier layer despite excellent adhesion with Cu. For good barrier property as well as good adhesion with Cu, the ideal barrier is one that reacts with Cu to a self-limiting extent. In this respect, Ta and TiN layers are investigated and compared. Fig. 1 shows the cross-sectional HRTEM micrographs at the Ta/Cu interface before and after a 400 °C anneal for 1 hour. Prior to annealing, the as-deposited Cu forms a distinct interface with Ta. However, a 3-nm thick amorphous layer has formed at the Ta/Cu interface after annealing. The mechanism for the amorphous layer formation has not been clearly understood yet because Ta has [11] no equilibrium solubility with Cu at 400 °C [12] . Nevertheless, we believe that this thin amorphous layer improves the adhesion between Cu and Ta. Fig. 2 shows a series of cross-sectional TEM micrographs of the Cu/Ta multilayer structure annealed at various temperatures up to 700°C . Two important observations are noted. Firstly, the thickness of amorphous layer does not increase much with annealing temperature. The thickness of the amorphous layer saturated at about 4 nm. Secondly, the Ta/Cu interface is stable up to 500 °C, but become wavy above 600 °C. Furthermore, Ta grains start to relocate themselves in the course of phase transition from metastable ß-Ta to stable bcc Ta. This result implies the Cu/Ta interface may provide excellent adhesion and is quite stable under the temperature range in typical backend processes (< 400 °C), and that a minimum thickness of Ta (about 5 nm) is required to accommodate the formation of the amorphous layer.
The cross-sectional HRTEM micrographs of TiN/Cu layers is shown in Fig. 3 . The TiN/Cu interface remains distinct even after the 400 °C anneal for 1 hour. This absence of interaction should imply poor adhesion between Cu and TiN. Indeed, we observed poor adhesion between TiN and Cu layers during TEM sample preparation, whereas there was no problem between Ta and Cu layers.
In the HRTEM of as-deposited Ta/Cu [ Fig. 1 (a) ], the lattice image lines of Cu are often observed to be parallel to those of Ta. We observed that Ta grains have preferred in-plane as well as out-of-plane orientations. The Cu [220] direction on (111) planes is parallel to the Ta [330] direction on (002) planes which is the dominant texture plane of ß-Ta [12] . Considering that a Cu (111) plane has very different symmetry system from a ß-Ta (002) plane, i.e., hexagonal versus tetragonal symmetry, this special orientational relationship is very intriguing. In the projected view of atoms in a Ta unit cell [ Fig. 4 (a) ], Ta atoms on the (002) plane at elevation of z/c = 0 or 0.5 exhibit a pseudohexagonal array, which can be superimposed with Cu atoms on (111) plane as shown in Fig. 4 (b) . The misfit strain at the interface is 7.6%.
While Ta has a heteroepitaxial relationship with Cu, TiN does not show any special orientational relationship with Cu. As a result, Cu films in-situ deposited on Ta has stronger (111) texture than those on TiN under the same condition (Fig. 5) . The heteroepitaxial growth of Cu may result in an improvement of the electromigration reliability of Cu interconnects by several reasons. Firstly, the heteroepitaxial growth may reduce the number of potential defects in the interface which can act as void nucleations. Secondly, it may also reduce the interface diffusion. Thirdly, it enhances the (111) texture of Cu, which is known to improve the electromigration lifetime [2] . In-situ deposition of Cu on barrier layer is critical to obtain strong (111) texture. If the barrier layer is exposed to air prior to Cu deposition, the resulting Cu texture is much weaker than that without air break (Fig. 6 ). This is likely attributed to oxidation of the barrier surface.
In addition to the barrier, adhesion and seed layer properties, there are many other requirements to be a good base layer for Cu. Since the barrier layer increases the resistance of interconnects, the barrier layer must be as thin as possible while maintaining the thermal stability with Cu. For Damascene structure, the uniformity of thickness and composition of barrier layers along the trench surfaces and corners are critical. For a better conformality, CVD may be preferred over sputtering. Amorphous material such as Ta-Si-N typically shows a very good thermal stability with Cu (Table  1) because an amorphous layer has no grain boundaries which can act as a diffusion path for Cu atoms. However, in the amorphous barriers, maintaining uniform composition in the trench and preventing local crystallization are more difficult. Since Cu interconnects are patterned by CMP (Chemical Mechanical Polishing), CMP compatibility is another crucial criterion. If a barrier layer can be polished away with the same slurry for Cu CMP, the CMP step can be much simpler and cheaper. WN x is very promising in this respect compared to Ta or other barriers. However, WN x may have other problems such as adhesion with Cu. Finally, a low contact resistance across the Cu/barrier/Cu interfaces will be essential. This will be dependent on the cleaning prior to barrier deposition. If conventional sputter cleaning is used, a concern would be the re-deposition of sputtered Cu on the trench sidewalls before the barrier is deposited. The residue Cu could drift along the dielectric and cause operation or reliability problems.
CONCLUSIONS
A base layer for Cu interconnects must satisfy several requirements including barrier, adhesion and seed layer properties. Both Ta and TiN have a good barrier properties. Ta has better adhesion and seed properties with Cu than TiN, due to its heteroepitaxial relationship with Cu and the formation of a thin amorphous layer at the Ta/Cu interface. However, even Ta does not satisfy all the other requirements including CMP compatibility with Cu CMP slurry, and having an ideal amorphous structure. Further investigation is required to develop the best barrier system for the Cu interconnects. It is likely that a multilayer system, similar to Ti/TiN for Al interconnect, will be needed. 
